Purpose: The proteasome inhibitor bortezomib undergoes oxidative hepatic metabolism. This study (NCI-6432; NCT00091117) was conducted to evaluate bortezomib pharmacokinetics and safety in patients with varying degrees of hepatic impairment, to inform dosing recommendations in these special populations.
Introduction
Bortezomib (VELCADE) is an inhibitor of the 20S proteasome, a multicatalytic complex of the ubiquitinproteasome system that is responsible for the degradation of the majority of intracellular proteins (1, 2) . Proteasome inhibition disrupts multiple cellular signaling pathways, leading to the inhibition of cell-cycle progression, induction of apoptosis, and inhibition of angiogenesis and proliferation, and results in antitumor activity in a number of tumor types (1) (2) (3) . Bortezomib is approved for the treatment of patients with multiple myeloma in the United States (4), European Union (5), and other countries worldwide and also in the United States for the treatment of patients with mantle cell lymphoma who have received at least 1 prior therapy (4) .
Bortezomib is oxidatively metabolized by hepatic cytochrome P450 (CYP) enzymes to pharmacologically inactive deboronated metabolites (6) (7) (8) . The primary CYP enzymes involved, as determined by in vitro human liver microsomal metabolism studies, are 3A4, 2C19, and 1A2, with 2D6 and 2C9 playing a minor role (4, (6) (7) (8) . Clinical drug-drug interaction studies in patients with cancer have shown that bortezomib exposure is increased by approximately 35% upon coadministration with the strong CYP3A inhibitor ketoconazole (9) , but is unaffected by coadministration of omeprazole, a potent inhibitor of CYP2C19 (10) . The results of the drug-drug interaction study with ketoconazole support the conclusion of a partial contribution of CYP3A-mediated oxidative metabolism to the hepatic clearance of bortezomib, consistent with the results of in vitro metabolic phenotyping studies (8) . On the basis of the results of a National Cancer Institute (NCI) Organ Dysfunction Working Group (ODWG) study, the pharmacokinetics of bortezomib are not altered by varying grades of renal impairment (including patients on dialysis who were administered bortezomib after the dialysis procedure), supporting the lack of a need for dosage adjustments in patients with renal impairment (11) . These results are consistent with hepatic metabolism rather than renal clearance being the primary route of clearance of bortezomib.
Thus, as bortezomib undergoes oxidative hepatic metabolism, its pharmacokinetics may be altered in patients with hepatic impairment, making it important to evaluate safety and pharmacokinetics in this population. The recommended dose and schedule of bortezomib is 1.3 mg/m 2 , delivered by intravenous administration on days 1, 4, 8, and 11 of 21-day cycles. Pharmacokinetic studies of bortezomib have been conducted at this recommended dose and schedule in patients with multiple myeloma (12) . However, they have not, to date, been specifically undertaken in patients with hepatic impairment. Studies of anticancer agents in this population are important for characterizing the pharmacokinetic and safety profiles of these agents in the setting of hepatic impairment, with the aim of developing scientifically informed dosing guidelines for their appropriate use in patients with liver dysfunction. This phase I study was undertaken by the NCI ODWG, under a Collaborative Research and Development Agreement with Millennium Pharmaceuticals, Inc. (Cambridge, MA), to evaluate the pharmacokinetics and safety of bortezomib in patients with varying degrees of hepatic impairment and to inform dosing recommendations in these subpopulations. The findings of this study have resulted in an update to the United States Prescribing Information, which now includes guidelines on appropriate dosing in patients with varying grades of hepatic impairment (4).
Materials and Methods

Patients
Patients aged !18 years with histologically confirmed malignancy for which no standard curative or life-extending therapy exists were eligible. Tumor types could include solid tumors, non-Hodgkin's lymphoma, and hepatocellular carcinoma (as evidenced by liver mass, elevated a-fetoprotein !500 ng/mL, and positive serology for hepatitis). No symptomatic central nervous system (CNS) metastases were allowed; brain metastases were permitted in patients who had received prior definitive treatment, had stable disease for !4 weeks, and were not currently on enzyme-inducing anticonvulsants and steroids. Other eligibility criteria included: Eastern Cooperative Oncology Group (ECOG) performance status of 0 to 2; life expectancy of !12 weeks; absolute neutrophil count !1,000/mm 3 and platelet count !100,000/mm 3 ; serum creatinine 1.5 mg/dL; and in patients with biliary obstruction for which a stent had been placed, the stent had to have been in place for !10 days and the patient was required to have stable liver function (same hepatic function group at 2 measurements taken !2 days apart).
Patients were excluded if they had symptomatic congestive heart failure, unstable angina pectoris, cardiac arrhythmia, or New York Heart Association class III or IV heart disease. Other exclusion criteria included: preexisting neuropathy of grade !2 severity according to the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE) version 3.0; prior immunotherapy or biologic therapy within 4 weeks, chemotherapy within 3 weeks, nitrosoureas or mitomycin within 6 weeks, radiotherapy within 2 weeks, or surgery within 3 weeks of enrollment; prior radiotherapy to more than 50% of the bone marrow; or prior use of bortezomib.
Translational Relevance
The proteasome inhibitor bortezomib undergoes oxidative hepatic metabolism, and, as such, its pharmacokinetics may be altered in patients with hepatic impairment. Although pharmacokinetic studies have been conducted in patients with multiple myeloma, studies had not been undertaken specifically in patients with hepatic impairment, which are required for the development of scientifically informed dosing guidelines in these special populations. This study by the National Cancer Institute Organ Dysfunction Working Group shows that the systemic exposure of bortezomib is increased by approximately 60% in patients with moderate or severe hepatic impairment, but not increased in patients with mild impairment, compared with those with normal liver function. These findings support recommendations for a reduced starting dose of bortezomib in patients with moderate or severe hepatic impairment, and have resulted in an update to the United States Prescribing Information, which now includes guidelines on appropriate dosing in patients with varying grades of hepatic impairment.
Study design
The objectives of this study were to determine the safety, tolerability, and maximum tolerated dose (MTD) of bortezomib in patients with varying degrees of liver dysfunction and to determine the pharmacokinetics and pharmacodynamics of bortezomib in patients with mild, moderate, or severe hepatic impairment. The aim of these analyses was to inform dosing recommendations for bortezomib in these subpopulations of patients with hepatic dysfunction. This phase I multicenter study enrolled patients at 9 sites in the United States between September 2004 and January 2010. Patients were assigned to 4 groups based on hepatic function, defined according to bilirubin and aspartate aminotransferase (AST) levels relative to the upper limit of normal (ULN) using the classification developed for organ dysfunction studies by the NCI ODWG (13) (14) (15) . Normal function was defined as bilirubin and AST ULN. Patients with mild hepatic impairment had bilirubin ULN and AST >ULN or bilirubin >(1.0-1.5) Â ULN (with any AST). Moderate and severe hepatic impairment were defined as bilirubin >(1.5-3) Â ULN and >3 Â ULN, respectively, with any AST. No distinction was made between liver dysfunction due to metastases or due to other causes. Patients assigned to one group at screening who had a change in liver function before being treated were switched to the appropriate group.
Patients received bortezomib on days 1, 4, 8, and 11 of 21-day cycles. Patients with normal hepatic function received bortezomib at the standard dose of 1.3 mg/m 2 as an intravenous bolus. Dose escalation in patients with severe, moderate, and mild hepatic impairment proceeded from starting doses of 0.5, 0.7, and 1.0 mg/m 2 , respectively, via a standard 3þ3 design, up to a maximum of 1.3 mg/m 2 . No intrapatient dose escalation was permitted. The MTD was to be defined within each hepatic function group as the dose preceding that at which !2 of 3 to 6 patients experienced dose-limiting toxicity (DLT). DLT was defined as the following adverse events occurring in cycle 1 and considered probably or definitely related to bortezomib: grade IV neutropenia or thrombocytopenia lasting at least 7 days, or neutropenic fever with grade III or IV neutropenia; grade !3 nonhematologic toxicity; or specific liver toxicity. This comprised, in the mild impairment group, an increase in total bilirubin level with crossing to the severe group lasting more than 2 weeks; in the moderate impairment group, a 1.5-fold increase from baseline in total bilirubin level with crossing to the severe group, lasting more than 2 weeks; and in the severe impairment group, a 1.5-fold increase from baseline in total bilirubin level lasting more than 2 weeks. The definition of DLT also included significant toxicity in the first cycle requiring dose reduction.
Patients were not permitted to receive concurrent immunotherapy, thalidomide, chemotherapy, radiotherapy, other investigational agents, or antiretroviral therapy (in HIVpositive patients). Concurrent epoetin alfa or darbepoetin alfa for management of cancer-associated anemia was permitted, as were concurrent CYP-interacting agents providing that they were used with caution, and concurrent bisphosphonate therapy was permitted except during cycle 1.
Bortezomib treatment was continued until the occurrence of disease progression, intercurrent illness preventing further treatment administration, unacceptable adverse events, failure to recover from toxicity within 2 weeks, or patient or investigator decision to discontinue treatment.
Review boards at all participating institutions approved the study, which was conducted according to the Declaration of Helsinki and International Conference on Harmonization Guidelines for Good Clinical Practice. All patients provided written informed consent. This study is registered with www.ClinicalTrials.gov, with the identifier NCT00091117.
Assessments
Adverse events were graded according to NCI CTCAE, version 3.0 and recorded throughout the study and until 30 days after the last dose of bortezomib. Serial blood samples for pharmacokinetic analysis were collected before drug administration and for 24 hours postdose on days 1 and . Plasma samples with concentrations above the upper limit of quantification were adequately diluted into the assay range. Plasma concentrations below the lower limit of quantification were set to 0 ng/mL for pharmacokinetic calculations.
Individual plasma concentration-time data were used for noncompartmental analysis using WinNonlin Professional Version 5.2 (Pharsight Corporation). Maximum observed plasma concentration (C max ) was observed directly for each patient on days 1 and 8. The area under the concentrationtime curve from time zero to the point of last quantifiable concentration (AUC 0-tlast ) on days 1 and 8 was estimated by log-linear trapezoidal approximation. Dose-normalized individual C max and AUC 0-tlast values were calculated.
Whole blood samples for determination of the pharmacodynamic effect of bortezomib were collected on days 1 and 8 of cycle 1 before dosing and at 1, 6, and 24 hours after dosing. Pharmacodynamic assays were conducted at Millennium and blood 20S proteasome activity was expressed as the ratio of chymotryptic to tryptic activity (16) . Patients with measurable disease were assessed for response according to standard criteria-the Response Evaluation Criteria for Solid Tumors (RECIST 1.0; ref. 17) for patients with solid tumors and the International Working Group criteria (18) for patients with non-Hodgkin's lymphoma.
Statistical analysis
The safety profile was evaluated in all treated patients overall and by hepatic function group. No formal statistical comparisons of rates of adverse events between hepatic function groups or individual dose cohorts within hepatic function groups were conducted because of the small sample sizes and because dose normalization of adverse events is not possible. Pharmacokinetics were evaluated in the pharmacokinetic-evaluable population. This was defined as patients with sufficient dosing information and plasma concentration versus time data for more than 0 to 24 hours postdose to permit calculation of AUC 0-tlast using noncompartmental methods. In addition, to be pharmacokinetic evaluable on day 8, patients should have received the protocol-specified dose of bortezomib on days 1, 4, and 8 without dose adjustments or interruptions. A minimum of 12 patients were to be treated in each hepatic function group to have adequate data on pharmacokinetic parameters. Dose-normalized C max and AUC 0-tlast were log transformed and subjected to an ANOVA. A linear mixedeffects model included fixed effects for day, group, and the day-group interaction. A compound symmetry structure was used to model the covariance (within subject variability). The ratios of geometric least square means and 90% confidence intervals (CI) for dose-normalized C max and AUC 0-tlast in each hepatic impairment group in reference to the normal hepatic function group were calculated.
Results
Patient disposition and baseline characteristics
A total of 63 patients were enrolled to the study. One patient with moderate hepatic impairment was not treated because of complications after the placement of a biliary stent before the initiation of treatment. One patient with severe hepatic impairment received a single dose of bortezomib 0.7 mg/m 2 before withdrawing due to deteriorating clinical status; no postbaseline information was recorded, and this patient was thus excluded from the safety population for analysis. Among the 61 patients in the safety population, 14 had normal hepatic function and 17, 12, and 18 had mild, moderate, and severe hepatic impairment, respectively. Patient disposition and baseline characteristics, overall and by hepatic function group, are summarized Table 1 . Overall, 51% of patients were male, the median age was 62 years (range, 30-85 years), and 11%, 59%, and 30% of patients had an ECOG performance status of 0, 1, and 2, respectively. The most common malignancy was colorectal cancer, which was seen in 39% of patients.
Dose escalation and treatment exposure
Dose escalation proceeded to 1.3 mg/m 2 in patients with mild hepatic impairment and to 1.0 mg/m 2 in patients with moderate or severe hepatic impairment. Three patients were reported to have experienced significant toxicity-grade II vomiting probably related to treatment in a patient in the normal hepatic function group; grade III convulsion possibly related to treatment in a patient in the mild hepatic impairment group treated at 1.3 mg/m 2 ; and grade II bilirubin increase in a patient in the moderate hepatic impairment group that evolved to grade III. However, none of these events met the protocol-defined criteria for DLT. Dose escalation did not proceed to 1.3 mg/m 2 in the moderate and severe hepatic impairment groups based upon an interim review of available safety and pharmacokinetic data that indicated an approximately 60% higher bortezomib dose-normalized AUC in patients with moderate and severe hepatic impairment than in patients with normal hepatic function. It was therefore inferred that dose escalation beyond 1.0 mg/m 2 in these hepatic impairment groups could be expected to result in exposures exceeding maximally tolerated exposures in patients with normal hepatic function.
Patients received a median of 1 cycle of treatment (range, 1-7) overall, including medians (ranges) of 2 (1-7), 1 (1-4), 1 (1-3), and 1 (1-3) in patients with normal hepatic function and mild, moderate, and severe hepatic impairment, respectively. Only 26 (43%) patients received !2 cycles, including 5 (9%) who received !3 cycles. The main reason for study discontinuation was disease progression in 37 (61%) patients, including 8 (57%), 11 (65%), 9 (75%), and 9 (50%) patients in the normal function and mild, moderate, and severe impairment groups, respectively. In addition, 7 (11%) patients refused further participation, 4 (7%) discontinued because of adverse events, as described later, 4 (7%) had complicating disease, 2 (3%) died during treatment, and 7 (11%) discontinued for other reasons.
Safety
The safety profile of bortezomib and the most common adverse events (all grades, and grade !3) are summarized in Table 2 by hepatic function group and dose level. Rates of grade !3 adverse events were 71% in patients with normal hepatic function and 83%, 82%, 78%, 100%, 80%, 83%, and 86% in patients with mild (1.0 and 1.3 mg/m 2 ), moderate (0.7 and 1.0 mg/m 2 ), or severe (0.5, 0.7, and 1.0 mg/m 2 ) impairment, respectively; respective rates of Table 2 . Safety profile of bortezomib overall and by hepatic function group and dose level, including most common adverse events of any grade (reported in !30% of patients) and of grade !3 severity (reported in !10% of patients)
Any adverse event 59 (97) 14 (100) 6 (100) 10 (91) 9 (100) 3 (100) 5 (100) grade !4 adverse events were 14% and 17%, 45%, 33%, 33%, 40%, 67%, and 57%, and of serious adverse events were 29% and 50%, 55%, 56%, 33%, 60%, 67%, 29%. These rates thus appeared numerically somewhat higher in patients with hepatic impairment than in the normal hepatic function group. Similarly, the incidence of commonly reported adverse events associated with hepatic function appeared numerically higher in patients with hepatic impairment versus those with normal function. Elevated AST was seen in 7% of patients with normal hepatic function and in 33%, 18%, 33%, 33%, 40%, 17%, and 29% in patients with mild (1.0 and 1.3 mg/m 2 ), moderate (0.7 and 1.0 mg/m 2 ), or severe (0.5, 0.7, and 1.0 mg/m 2 ) impairment, respectively. Respective rates of elevated blood bilirubin were 7% compared with 33%, 18%, 22%, 100%, 20%, 0%, and 43%. Elevations in liver function test parameters were not considered to be drug related.
Increasing degrees of hepatic impairment did not appear to increase toxicity at the dose levels studied. In the moderate (0.7 mg/m 2 ) and severe (0.7 and 1.0 mg/m 2 ) hepatic impairment cohorts, the incidences of adverse events (all grades), grade !3 adverse events, and discontinuations due to adverse events were consistent with the safety profile of the normal hepatic function cohort (1.3 mg/m 2 ). Within each hepatic impairment cohort, there was no apparent dose relationship with the frequency of serious adverse events. For the most commonly reported adverse events, there were no apparent trends indicating increased overall frequency with increasing degree of hepatic impairment or with increasing dose within each hepatic impairment group.
Four patients discontinued bortezomib due to adverse events of grade IV elevated blood bilirubin in 2 patients, grade III hypotension in 1 patient, and a combination of grade II decreased platelet count and grade II leukopenia in 1 patient. There were 15 deaths during the study; 12 were due to disease progression, and cause of death was recorded as hepatic failure, pneumonia, and sudden death in the remaining 3 patients.
Pharmacokinetics
Pharmacokinetic samples and data were available for 60 patients across the hepatic function groups, including 13, 17, 12, and 18 patients with normal hepatic function, and mild, moderate, and severe impairment, respectively. Bortezomib displayed multiexponential disposition kinetics on days 1 and 8 across the hepatic function groups, with a rapid initial distribution phase followed by a slower decline in plasma concentrations in the terminal phase, based on inspection of mean dose-normalized plasma concentration-time profiles (Fig. 1) . Across the hepatic function groups, geometric mean dose-normalized AUC 0-tlast was greater on day 8 than on day 1 ( Table 3) . Distribution of dose-normalized bortezomib exposure was comparable in patients with normal hepatic function and mild hepatic impairment but was higher in patients with moderate or severe hepatic impairment (Fig. 2 ). There were no readily apparent consistent effects of hepatic impairment on dosenormalized C max of bortezomib (Table 3 , Fig. 2 ). Consistently, the results of statistical analysis of pharmacokinetic parameters (Table 4) indicated that mild hepatic impairment did not alter either dose-normalized AUC 0-tlast or C max although mean dose-normalized AUC 0-tlast was increased by approximately 60% on day 8 in patients with moderate or severe hepatic impairment.
Of the 60 pharmacokinetic-evaluable patients who contributed to this analysis, a total of 4 patients (2 with mild and 1 each with moderate and severe hepatic impairment) were receiving concomitant CYP3A4 inhibitors or inducers. Specifically, these included a patient with mild hepatic impairment receiving the CYP3A inducer oxcarbazepine, another patient with mild hepatic impairment receiving the CYP3A inducer phenytoin and the moderate CYP3A inhibitor verapamil, a patient with moderate hepatic impairment receiving the moderate CYP3A inhibitor diltiazem, and a patient with severe hepatic impairment receiving the CYP3A inducer carbamazepine. The day 1 and day 8 dose-normalized AUC 0-tlast values in these patients were generally close to the median values for their respective hepatic function groups, indicating that these concomitant medications are unlikely to have resulted in a meaningful bias in estimation of the effect of hepatic impairment on bortezomib exposure. 
Pharmacodynamics
Pharmacodynamic data on 20S proteasome inhibition in blood showed that across dose levels and hepatic function groups, the maximum mean percent inhibition of blood 20S proteasome activity occurred at the first postdose time point of 1 hour, with a partial reversal to baseline observed by 24 hours postdose. In the normal hepatic function group, maximum mean percent inhibition of 20S proteasome activity on days 1 and 8 was approximately 43% and 73%, respectively. At 24 hours postdose, corresponding mean percent inhibition values were approximately 31% and 40%, respectively. Mean pharmacodynamic time course profiles at doses of 1.3 mg/m 2 in the mild impairment group and 0.7 and 1.0 mg/m 2 in the moderate and severe impairment groups were similar to those in patients with normal hepatic function. The magnitude of percent inhibition of blood 20S proteasome activity following treatment at 0.5 mg/m 2 in patients with severe hepatic impairment was lower than that observed at the higher dose levels (data not shown).
Efficacy
One patient in the normal hepatic function group with non-Hodgkin's lymphoma (small lymphocytic lymphoma) achieved a minor response, and 5 patients achieved stable disease, one in the normal function group with head and neck cancer, one in the mild impairment group (1.3 mg/ m 2 ) with colorectal cancer, 2 in the moderate impairment group (both 0.7 mg/m 2 ) with pancreatic cancer and hepatocellular carcinoma, and one in the severe impairment group (1.0 mg/m 2 ) with sarcoma. Among the remaining patients, 35 had progressive disease as their best response and 20 were not assessable for response.
Discussion
This pharmacokinetic study of bortezomib in patients with varying degrees of hepatic impairment has shown that the systemic exposure of bortezomib (dose-normalized AUC) is increased by approximately 60% in patients with moderate or severe hepatic impairment. In contrast, exposure is not increased in patients with mild hepatic impairment compared with those with normal liver function. The disposition kinetics observed in this study were consistent with those reported in other studies of bortezomib pharmacokinetics in multiple myeloma, with observation of multiexponential decline in plasma concentrations postdose and accumulation following twice-weekly repeat dose administration (12, 19) . It is of interest that moderate and severe hepatic impairment, as defined based upon total bilirubin >(1.5-3.0) and >3.0 Â ULN, respectively, in this study, resulted in similar magnitudes of increase in dose-normalized bortezomib exposure. As noted previously, CYP3A4 is one of the primary CYP enzymes involved in bortezomib metabolism (4, (6) (7) (8) , with coadministration of the strong CYP3A inhibitor ketoconazole producing, on average, a 35% increase in bortezomib systemic exposure (9) . A previous study of CYP3A activity in patients with cancer using the erythromycin breath test showed that the activity of this enzyme is characterized by substantial variability, with elevation of liver function tests representing a statistically significant covariate (20) . Specifically, moderate and severe hepatic impairment were associated with approximately 50% reduction in CYP3A activity (20) , although the hepatic impairment categories were not the same as the NCI ODWG framework (13) (14) (15) used in the present study. Nevertheless, the observation of increased bortezomib exposure in moderate and severe hepatic impairment is consistent with decreased hepatic metabolism of bortezomib in patients with total bilirubin >1.5 Â ULN.
The pharmacokinetic findings from this study support the following recommendations for bortezomib dosing in patients with varying grades of hepatic impairment. Patients with mild hepatic impairment do not require a starting dose adjustment and should be treated with the 1.3 mg/m 2 recommended dose of bortezomib. In patients with moderate or severe hepatic impairment, a dose of approximately 0.8 mg/m 2 would be calculated to provide exposures that match the exposures at 1.3 mg/m 2 in patients with normal hepatic function (i.e., calculated as 1.3 mg/m 2 divided by the 1.6-fold observed mean increase in dose-normalized AUC relative to the normal hepatic function group). On the basis of these results, it is recommended that patients with moderate or severe hepatic impairment should be started at a reduced dose of 0.7 mg/m 2 during the first cycle, and a subsequent dose escalation to 1.0 mg/m 2 or further dose reduction to 0.5 mg/m 2 may be considered on the basis of patient tolerance. These data have resulted in an update to the U.S. Prescribing Information and have produced clear guidance on appropriate dosing of bortezomib in patients with varying grades of hepatic impairment to provide similar exposures to the standard dose in patients with normal liver function. This and other studies (13, 14) show the value of NCI ODWG studies for determining the impact of liver dysfunction on the safety and pharmacokinetics of anticancer agents and for recommending dosing adjustments in this patient population if required to ensure optimal therapeutic use.
Consistent with the pharmacokinetic results, the profile of 20S proteasome inhibition in blood following dosing at 1.3 mg/m 2 in patients with mild hepatic impairment was comparable with the corresponding profile in patients with normal hepatic function. In patients with moderate or severe hepatic impairment, the magnitude of the pharmacodynamic effect in blood with doses of 0.7 and 1.0 mg/m 2 was generally similar to that observed with the 1.3 mg/m 2 dose in patients with normal hepatic function.
Our safety findings suggest that the increasing degree of hepatic impairment did not appear to substantially increase toxicity at the dose levels studied in the respective hepatic function groups. The elevated rates of grade !3 and grade !4 adverse events and serious adverse events in patients with hepatic impairment, in the context of the rates in those with normal hepatic function, were consistent with the patients with hepatic impairment having associated comorbidity. Our safety findings support the use of 0.7 mg/m 2 as a starting dose in patients with moderate or severe hepatic impairment, with this dose appearing similarly well tolerated as the standard dose of 1.3 mg/m 2 in patients with normal liver function. However, the number of patients within each subgroup was small (n ¼ 3-11), limiting the interpretation of the incidence of adverse events.
Disease progression was the most common cause of study discontinuation and treatment-emergent death. The patients enrolled in this study predominantly had solid tumors, in which bortezomib has limited activity (21) (22) (23) (24) (25) (26) . However, in hematologic malignancies, in which bortezomib has substantial activity (27) (28) (29) (30) (31) (32) (33) , hepatic impairment is rare (34) (35) (36) . This adversely impacted overall study accrual. Indeed, in general accrual to such organ dysfunction studies may be compromised if the specific organ dysfunction being studied is not a common clinical feature of the disease areas for which a particular agent is indicated or has showed notable activity. Nevertheless, our findings are clinically applicable in multiple myeloma and lymphoma, in which hepatic involvement is seen in some cases, resulting in abnormal function (34) (35) (36) (37) .
In conclusion, the increased systemic exposure of bortezomib in patients with moderate or severe hepatic impairment is consistent with hepatic metabolism being the primary clearance mechanism for this drug (5, (7) (8) (9) . The findings of this study have resulted in the development of appropriate guidelines for bortezomib dosing in this patient population (5) . 
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